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Description 

Method for synchronizing cylinders in terms of quantities of 
fuel injected in an internal combustion engine 

The invention relates to a method for synchronizing, between 
the cylinders of an internal combustion engine, the 
differences in the quantity of fuel injected. According to 
this method, the differences in the quantity of fuel injected 
which exist at an operating point in the lower engine-speed 
range with the injection parameter values valid at that point 
under normal operating conditions are determined by means of a 
method of measuring individual cylinders to record the 
irregularity in the running of the internal combustion engine 
and, having been assigned to the low operating point, are 
learned. Also, according to this method, for operating ranges 
with higher loads and engine speeds, an adaptation of the 
differences in the quantity of fuel injected is carried out 
for a chosen injection parameter. 

A method of this type is already known from DE 197 00 711 Al . 

In a multi -cylinder internal combustion engine, a systematic 
error in the injection of fuel into the combustion chambers 
arises as a result of variances, in particular in the 
mechanical properties of the injection device, for example of 
the injectors in diesel engines with a common-rail injection 
system. Due to manufacturing tolerances of the said components 
and differing degrees of wear (ageing effects) , differing 
quantities of fuel are fed for combustion in the individual 
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cylinders in identical injection periods and under otherwise 
identical boundary conditions. The differing quantities of 
fuel lead to a differing output of power by the individual 
cylinders which, as well as increasing the irregularity in the 
running of the engine, also leads to an increase in the 
quantity of harmful exhaust-gas components. 

It is known for the irregularity in the running of an internal 
combustion engine to be analyzed in order to draw conclusions 
therefrom as to the quantity of fuel injected in the various 
combustion chambers. For this purpose, for example the angular 
acceleration of the crankshaft is measured with an engine- 
speed sensor, said angular acceleration depending on the 
quantity of fuel injected in each case. Thus a large quantity 
of fuel injected in the combustion cycle concerned causes a 
correspondingly large angular acceleration of the crankshaft, 
whereas a small quantity of fuel injected results in only a 
correspondingly reduced angular acceleration. This 
irregularity in the running of the engine is countered in 
known internal combustion engines by adjusting the quantities 
of fuel injected in the individual combustion chambers in 
relation to one another through appropriate activation of the 
various injectors. In this process, the control signals for 
the various injectors are altered until such time as all the 
cylinders make the same contribution to the torque, which 
indicates that a uniform quantity of fuel is being injected in 
the various combustion chambers. 

This known regulation of irregularities in the running of the 
engine for synchronizing cylinders in terms of the quantities 
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of fuel injected is restricted in application to low load 
levels under stationary operating conditions, for example 
idling. Braking or accelerating, as typically occur in higher 
operating ranges, could be interpreted incorrectly by the 
speed sensor on the crankshaft as a difference in the quantity 
of fuel injected. 

The restriction to a low operating point for determining 
differences in quantities of fuel injected is, however, 
problematical, since these vary with at least one of the 
injection parameters, e.g. injection pressure and injection 
period. The differences in quantities of fuel injected that 
are determined at a low operating point cannot therefore be 
used for synchronizing over the whole operating range, e.g. as 
global correction factors for an activation parameter of the 
injectors, but have to be adapted to the injection parameters 
applicable at higher operating points. However, due to the 
aforementioned requirement for stationary operating conditions 
for regulating irregularities in the running of the engine, 
this is not possible without further action. 

In the above-mentioned DE 197 00 711 Al, in which correction 
factors for individual cylinders are applied to the injection 
period in order to synchronize the cylinders in terms of the 
quantity of fuel injected, it is proposed that the correction 
factors determined at a low operating point be adapted by an 
adaptation factor f(p,t), which is dependent on the injection 
parameters of pressure and injection period, for higher 
operating ranges. The values of this adaptation factor are to 
be stored in an engine characteristics map and taken therefrom 
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for adaptation of the correction factors during operation. 
While the known method prevents adaptation when the operating 
conditions are not stationary, it does so only with the aid of 
a predetermined engine characteristics map whose values cannot 
optimally match the dependency conditions of the differences 
in the quantity of fuel injected which exist in reality and 
which change over the service life of the vehicle. 

The object of the invention is to indicate a method of the 
type stated in the introduction which allows the actual 
injection-parameter-dependent systematic error in terms of 
quantities of fuel injected to be determined in a simple 
manner with a view to cylinder synchronization. 

This object is achieved according to the invention in the 
features of Claim 1. The dependent claims relate to 
advantageous developments and embodiments of the invention. 

According to the invention, in a generic method the chosen 
injection parameter is set at the low operating point for 
adaptation to a value which deviates from the value applicable 
at that point under normal operating conditions. Normal 
operating conditions are understood to mean that e.g. at low 
loads corresponding low injection pressures apply. By 
contrast, normal operating conditions are deviated from if 
e.g. at low loads high injection pressures apply. The 
differences in the quantity of fuel injected can then be 
determined for this set injection parameter value by measuring 
the irregularity in the running of the engine and can be 
learned as adaptation values assigned to the respective 
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injection parameter value. During this adaptation, care must 
be taken to ensure that the movement of the operating point 
which can change with the injection parameter value set in 
each case is limited, since a changed injection parameter 
value would otherwise express itself in a braking or 
acceleration that was not initiated by the driver of the 
vehicle, at any rate in a new operating point, i.e. in non- 
stationary conditions during the adaptation process. 

A particularly preferred embodiment of the method is one in 
which, to limit the movement of the low operating point during 
adaptation, at least one second injection parameter is set 
such that the operating point remains at least approximately 
stationary. This can advantageously be achieved in that, when 
the injection pressure, chosen as an injection parameter, is 
adapted to successively higher values in order to limit the 
movement of the low operating point, a correspondingly shorter 
injection period is set in each case. The second or further 
injection parameters are controlled here as auxiliary 
variables such that the driver does not notice the adaptation 
process at all. Since just a few piston strokes are sufficient 
for adaptation, the engine control can also without further 
action be set such that the driver cannot cancel the 
stationary conditions during the critical adaptation phase, or 
only where a threshold is exceeded in the desired output 
requested by the driver via the throttle. 

All embodiments of the inventive method provide the advantage 
that a low operating point can be selected for adaptation, at 
which the maximum sensitivity and/or reliability of 
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measurement of the irregularity in the running of the engine 
is achieved, although a correct adaptation is made for high 
operating ranges. In particular, the low operating point can 
be chosen in the idling range. 

The adaptation values learned serve to calculate correction 
factors for individual cylinders, by means of which correction 
factors, generally as part of the regulation of the 
irregularity in the running of the engine during the 
adaptation process and under operating conditions, an 
activation parameter of an injection device of the internal 
combustion engine is applied such that a synchronization of 
the quantities of fuel injected occurs. 

It has proven to be advantageous in this respect for the 
injection device for each cylinder to be formed by an injector 
with a piezoelectric actuator, the activation energy of the 
actuators being used as an activation parameter. The actuator 
deviation necessary for synchronization can thus be adapted, 
in particular for different injection pressure values. 

In order to record the irregularity in the running of the 
internal combustion engine, the angular acceleration of the 
crankshaft of the internal combustion engine caused by the 
differing quantities of fuel injected in individual cylinders 
can be analyzed. The determination of adapted differences in 
the quantity of fuel injected or of adapted correction factors 
for synchronization can consequently be based upon very 
accurate measurement methods . 
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The inventive method also opens up the possibility that at the 
stationary operating point set for adaptation with 
synchronized quantities of fuel injected, the absolute value 
of the associated quantity of fuel injected is determined from 
a stored model of the torque of the internal combustion 
engine. Diagnosis of the absolute value of the quantity of 
fuel injected is vital for compliance with limits on exhaust 
emissions, particularly where the diagnosis of small injection 
quantities, especially of pre- inj ection quantities, which lie 
in the region of a few milligrams, is concerned. 

The invention is described in detail below with the aid of the 
schematic drawings, in which: 

Figure 1 shows a flow diagram of the implementation of 
the method of synchronizing quantities of fuel 
injected according to the invention, 

Figure 2 shows a flow diagram of the implementation of the 

preferred method of synchronizing quantities of fuel 
injected by adapting the loading time. 

After the start 1 of the synchronization of injection 
quantities, an initialization phase 2 is provided as the next 
step, in which the adaptation values stored in an earlier 
diagnostic cycle are loaded into an engine control device (not 
shown) . The initialization of a new diagnostic cycle can take 
place both after each starting of the internal combustion 
engine and after certain predeterminable time or maintenance 
intervals . 
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After the end of initialization 2, the checking of the 
activation conditions occurs in a passive diagnosis step 3. 
Here, it is a matter of waiting until preferred operating 
conditions have been reached for adaptation to a normal 
injection parameter value or one that deviates therefrom. 
These include, for example, the load, the engine speed or the 
coolant temperature. The engine control will optionally have 
to be adjusted so that in the subsequent adaptation process 
the dynamics of the change over time of the operating point 
sought for implementing the adaptation cycle are limited. 

As soon as the activation conditions are fulfilled, the actual 
active diagnosis cycle 4 is started. Firstly, a regulation of 
the irregularity 6 in the running of the engine is carried out 
with the normal injection parameters 5 associated with the 
engine operating state (cf . set of injection parameters in 
Figure 1) . As a result, the quantities of fuel injected by the 
individual injectors of the internal combustion engine at the 
preferred low operating point are synchronized with one 
another. There is, on the other hand, also the additional 
opportunity for analyzing at this point in the process that at 
the preferred low operating point with the predetermined 
normal injection parameter values an injection quantity that 
is known from the torque model will be decided upon which, 
according to the torque achieved, must apply. 

Thereafter, in step 7 (adaptation of activation parameters) , 
further injection parameters or injection parameter sets i are 
loaded and, for this purpose, regulation of the irregularity 
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in the running of the engine is carried out in each case, 
comprising a determination of the differences in the injection 
quantity prevailing at the set value of the chosen injection 
parameter or comprising synchronization by means of 
appropriate correction factors for an activation parameter. 
For adaptation, a suitable activation parameter such as, for 
example, the energy fed to the actuators, is selected. The 
resulting adaptation values are assigned to the injection 
parameter set, i.e. primarily to the injection parameters such 
as e.g. injection pressure and injection period, whose 
influence on the differences in the quantity of fuel injected 
is to be maintained, assigned and stored in order that they 
can be called up later, when operating with higher loads and 
engine speeds and the associated normal values of the chosen 
injection parameter, for directly synchronizing quantities of 
fuel injected without a diagnostic cycle. If the adaptation 
was carried out for a sufficiently large number of checkpoints 
(typically from five to ten), i.e. for example for all i=l to 
i=k injection parameter values of the pressure, the end 8 of 
the adaptation or of the current diagnostic cycle is reached 
and the stored adaptation values can be used under operating 
conditions for synchronizing the quantities of fuel injected. 

It has emerged that the differing injection quantities of 
injectors, which injection quantities are dependent on the 
injection period, can be synchronized with one another in a 
simple manner by changing the displacement of the actuators. 
This means, for example, that for various injection pressures 
chosen as injection parameter values, an adaptation of the 
actuator displacement is carried out. On the other hand, the 
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activation energy used as an injector control variable can of 
course also be used for varying the start of injection. 

In each diagnostic cycle, the adaptation values or correction 
factors last stored are overwritten by the newly determined 
ones, as a result of which account is taken in particular of 
the ageing effects of the injection device that have occurred 
in the meantime and which will possibly lead to changed 
variances with regard to the quantities of fuel injected into 
the various combustion chambers. 

The method shown in Figure 2 implements in step 11 an 
initialization. In this step, the stored adaptation values are 
loaded. In step 12, a check is carried out as to whether the 
activation conditions are fulfilled, i.e. whether constant 
operating conditions such as e.g. constant load, constant 
engine speed, constant temperature of the coolant, etc. apply. 
In this way, the diagnosis remains passive, as shown in step 
13, until in step 12 the activation conditions are fulfilled. 
Then in step 14, the process continues whereby the injection 
parameters for an initial loading/unloading time are loaded. 
The initial loading/unloading time can in this way be set to 
200 [is , for example. The injection parameters include 
injection pressure, injector energy, type of injection, i.e. 
whether it is a pre- inj ection, main injection or post- 
injection. Once these parameters are loaded, then in step 15 
the process continues to regulation of the irregularity in the 
running of the engine. The regulation of the irregularity in 
the running of the engine is carried out cylinder-selectively , 
i.e. for a four-cylinder engine, for example, cylinder no. 1 
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is regulated first. Once the injection parameters are set for 
the injector of cylinder no. 1, then the injector of the 
second cylinder follows. The regulation can set the 
loading/unloading time, the injection pressure, the activation 
energy and the type of injection. In special cases, the 
regulation can be carried out for a defined (fixed) activation 
period (injection period) and defined (fixed) injection 
pressure, the actuator energy being adapted accordingly. At a 
rail pressure of, for example, 1500 bar and an injection 
quantity of 0.84 mg, activation times of less than 160 jis have 
to be implemented. 

In step 16, a check is carried out to ascertain whether with 
these variables the irregularity in the running of the engine 
lies below a threshold value S. If this is not the case, then 
in step 17 the activation period must also be changed. This is 
necessary in particular in the case of "badly" manufactured 
injectors which cope badly with these short loading/unloading 
times, if at all. With such injectors and short unloading 
times, the fuel quantity injected is independent of the 
actuator energy. A type of "quantity saturation" sets in and 
the quantity of fuel injected can no longer be changed by 
increasing the actuator energy. This means that the adaptation 
of injections in a defined operating state must not be carried 
out solely by adapting the energy but by extending the 
activation period, which consequently prolongs the injection 
period . 

As a result of successfully regulating the irregularity in the 
running of the engine after step 16, the quantities of fuel 
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injected by the individual injectors are synchronized with one 
another. These injection parameters are stored for the 
associated loading/unloading time t± (step 18) . A check is 
carried out in step 19 as to whether the loading/unloading 
time Ti is greater than or equal to an extreme value. The 
extreme value here stands, for example, at 14 0 /is . In the 
above example, the initial value x 0 lies at 200 fis . It should 
be noted that the index i here is equal to zero. Since the 
condition established in step 19 is not fulfilled, the process 
continues in step 20. Before the next set of parameters is 
loaded in step 14 the loading/unloading time is first reduced 
by 10 {is in step 20. Consequently, the loading/unloading time 
ii now equals 190 [is. In step 21, only the index is increased 
by 1. The existing injection parameters for t x are now loaded 
in step 14. As already described above, the steps 15 to 19 
then follow. When all the sets of parameters are adapted for 
the various loading/unloading times, the constant injection 
pressure (e.g. 1500 bar) can be set to a different new 
constant injection pressure (e.g. 1400 bar). As soon as the 
new pressure is applied in step 12, the actuator energy for 
every loading/unloading time from 2 00 to 14 0 /is is determined 
according to steps 14 to 19. This can be carried out for 
various pressure values. As soon as a sufficiently large 
number of measurement values are available, the method ends in 
step 22 . It should be noted that the gradual changing of the 
loading/unloading time by 10 fis in step 2 0 was given only by 
way of example. For more refined modeling, differences of 1 [is 
from one loading/unloading time to the next loading/unloading 
time are entirely conceivable. This inventive diagnosis can be 
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implemented very quickly since just a few piston strokes 
suffice . 

In summary, the inventive method makes it possible for the 
diagnosis of differences in the quantity of fuel injected or 
of the injection quantity itself to be carried out at a 
preferred low operating point at which the maximum sensitivity 
and reliability of regulation of the irregularity in the 
running of the engine exists. At this operating point, the 
diagnosis and adaptation then also take place for injection 
parameter values which are valid under operating conditions 
for other operating points. Thus, at the low operating point 
both a synchronizing of the injection quantity differences 
between the individual injectors and a calibration of the 
injection quantity to the pertinent values of the selected 
injection parameter set artificially in the diagnostic cycle 
occur, an unwanted movement of the adaptation operating point 
being prevented or limited by the contrary setting of other 
injection parameter values. The synchronizing of quantities of 
fuel injected through regulation of the energy of the injector 
activation parameter depending, in particular, on the 
injection parameter of pressure, is preferred. 

Optionally, it is possible at the set operating point, based 
on knowledge of the engine operating state (temperature of 
coolant, active consumers) to read out from the torque model 
the absolute value of the injection quantity and to use it, 
for example, for the exact calibration of the injection 
quantity/inj ection period characteristics map. 
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